The filtered Rayleigh scattering technique is implemented using a continuous wave laser in conjunction with a high speed camera and a molecular filter to obtain near field concentration measurements of a carbon dioxide jet in a co-flow of air with a sampling rate of 400 Hz. The beam from a 12-Watt Coherent Verdi laser was directed through the jet, of diameter ranging from 8.9 mm to 17.1 mm, at two streamwise stations, spaced about one diameter apart, and image sequences were collected with a 
I. Introduction
jet is considered buoyant when it is discharged into a medium where a large density gradient is present. The jet effective density depends on whether it is hotter or cooler than its surrounding fluid. The density gradient can also be due simply to the presence of different species in the medium. 1 Examples of situations or problems involving buoyant jets include the emission of pollutant into the atmosphere or oceanic waters, safety and fire hazards associated with leakage of gases such as hydrogen into air 2 , and heating issues associated with an uneven temperature distribution within combustion systems. Of a particular interest in relation to the present work is the case of the Ultra Compact Combustor (UCC). The UCC program is sponsored by the Propulsion Directorate of the Air Research Laboratory (AFRL) located at Wright Patterson Air Force Base. In this concept, fuel and air are injected into a circumferential cavity where combustion occurs in the presence of high g-loading caused by the circumferential velocity. The centrifugal effect forces the unburned (cold/heavy) mixture to remain circulating within the cavity until combustion is completed. The hot (light) combustion products are then driven by buoyancy effects out of the circumferential cavity into the core flow. Understanding the effects of buoyancy on both the trajectory and mixing properties of the hot gas as it escapes the circumferential cavity, will help understand the fundamental physics of how buoyancy influences the direction of the flow within the circumferential cavity.
In 1989, Subbarao studied a vertical buoyant with a co-flow and noted the scarcity of the studies of this combination. 1 Although buoyancy effects have been studied widely in the literature since then, most of the investigations were concerned with jets into ambient air and not into a co-flow of air. The relevance of the present work stems from the need to characterize the effects of buoyancy and its governing parameters on the trajectory of a jet in a co-flow and its mixing properties.
Filtered Rayleigh scattering (FRS) is one method to study buoyant jets. FRS captures the intensity of the scattered light off of the molecules present in the testing area. Rayleigh scattering experiments can be challenging, yet advantageous, because the frequency spectra of the signal is affected by the gas composition, temperature, velocity (due to Doppler shift), and density. Several researchers have taken advantage of these attributes to collect more than one of these properties. Studies have been conducted using pulsed laser systems in combination with a Fabry-Perot interferometer to image interference fringes from the molecular scattering. 3, 4, 5 More recently, Mielke et al. 6 used an 18-Watt narrow linewidth, continuous wave laser in combination with a Fabry-Perot interferometer to collect time resolved data at multiple points in a heated jet. By collecting data from molecular scattering, the authors were able to measure temperature at velocity of the flow field at multiple points. One of the drawbacks of Rayleigh scattering measurements employing an interferometric system is that the number of points where data is collected is typically limited to less than six locations per image. Furthermore, the physical location of the points where measured spectra are collected depends on the Doppler shift of the scattered light. Clem et al. 7 reported progress in controlling the fringe location produced by the etalon's physical characteristics. Directly imaged filtered Rayleigh scattering experiments, conducted without an interferometer, almost always employ a pulsed laser because the molecular scattering is weak. A drawback is that time-resolved data is very challenging to acquire with a pulsed laser system. At least three comprehensive reviews 8, 9, 10 in the area of imaged filtered Rayleigh scattering exist in the literature. Recently, time-resolved Rayleigh scattering images have been collected by Sutton et al. 11 Their unique laser system was developed to generate a series of high-repetition-rate pulse train with a narrow linewidth. They collected sequences of planar images of a jet of propane, which has the advantage of a high scattering cross section, at 10 kHz.
In a very recent article, Cheung and Hanson 12 outline a promising vein of research to determine whether progress in camera technology over the past several years has made it possible to acquire time-resolved image-based data using a continuous wave laser for a wide variety of applications. Their study demonstrated that a CW laser could successfully be used to induce fluorescence (LIF) of toluene and generate adequate signal for line-imaging at a high data rate. They provide an example of data collected at 18.5 kHz along a line and also show planar images collected with a longer exposure time. Cheung and Hanson note that, for these techniques, there is a trade-off between temporal and spatial resolution. The use of a CW laser allows the user to select which is preferred for a given experiment. The basic premise and benefits of utilizing a CW laser given by Cheung and Hanson was applied in the current research using FRS, rather than LIF. Given that the Rayleigh scattering signal is much weaker than fluorescence, results at 18.5 kHz were not anticipated, however data rates considerably faster than a typical Nd:YAG system operating at 10 Hz were expected.
The use of a laser light along with a molecular filter proved to be convenient when seeking either quantitative or qualitative mixing measurements of gaseous flows. Jenkins and Desabrais 13 used Planar Doppler Velocimetry (PDV) to resolve velocity measurements within a low speed flow field. Their experiment used a tunable laser (Coherent Verdi V-18) in conjunction with three camera-iodine filter systems. The iodine filters were used to discriminate the Doppler shifted scattered light (due to the motion of the particles) from the unshifted one. PDV is similar to FRS in the way that data is extracted out of filtered scattered light using molecular cells such as the iodine cells used in this study.
The use of the FRS technique to investigate the effects of Froude number on the trajectory and cross sectional shape of a horizontal buoyant jet was illustrated in the work of Reeder et al. 14 The authors used helium and CO 2 jets to study both positive and negative buoyancy effects respectively. By tracking the centroid of the mass fraction of the jet, they were able to trace the trajectory of both helium (curving up) and CO 2 jets (curving down). Unlike Reeder et al. who focused on studying the buoyancy effects on horizontal laminar jets, Su et al. 15 used planar FRS in combination with a pulsed laser to obtain quantitative mixing measurement of a vertical turbulent helium jet into air.
By creating multiple laser sheets at different heights, the authors were able to construct 2D (axial and radial) mole fraction and mass fraction profiles.
Historically, the Rayleigh scattering phenomenon was first documented by the English physicist Lord Rayleigh in the 19 th century. His studies aimed to understand the origin of the intensity and color of the atmosphere. 9 Rayleigh scattering pertains to the elastic scattering from molecules as opposed to Mie scattering which is attributed to scattering from particles. 16 The amount of scattered signal is proportional to the cross section of the molecule ss and hence to the density of the molecules. 9 Different species have different molecular cross sections and hence different Rayleigh scattering spectra. This outlines the utility of this concept as it allows for possible observation of the individual behavior of the species within the flow.
However, the presence of dust particles or any background noise in the medium in question will distort the scattered signal and give false readings and analysis regarding the properties of the flow. This drawback of the Rayleigh scattering applications inspired the development of more robust techniques such as the Filtered Rayleigh Scattering (FRS). In the FRS technique, a molecular filter is used to block scattered signal from walls, windows, and particles and transmit only scattered light from molecules of interest as shown in Figure 1 . The plot on the far left shows the background/particle scattering signal and the molecular Rayleigh scattering signal. The middle plot shows the absorption spectrum of the molecular filter, and the plot on the far right shows the combination of the first two. The regions shown in red are the signals that make it through to the detector. 10 A filter should have steep cut off edges and allow for an overlap of frequencies with the tunable laser in use. The primary objective of this work is to illustrate the use of FRS to produce time resolved information that lead to the investigation of the effects of buoyancy on the trajectory and mixing properties of a jet in a co-flow of air. These effects are examined using specific governing parameters such as Froude number, Reynolds number, the jet to co-flow velocity ratio, and the jet velocity. Throughout the literature, parameters such as Froude number and Reynolds number were often calculated based on the jet velocity which does not take into account the velocity of the co-flow. The classical definition of Froude number and Reynolds number are given by equations 1 and 2 respectively. The experimental set up to collect scattered light images off of a horizontal buoyant jet in a co-flow is shown in Figure 2 . The core jet flow is provided by a stainless steel tube whose diameter can be varied to alter the Froude number. The Brooks Instruments 5850i mass flow controllers were used to control the jet mass flow rate to ±0.1SLPM. The co-flow is delivered from an air tank through mass flow controller that could be adjusted to ±0.01 kg/min. Air then entered a plenum via four orifices. The co-flow passed through a set of screens prior to passing through a converging duct (the yellow box). The laser is a Coherent 12 W CW Verdi V12 with a wavelength around 532 nm. The beam is routed to the test section using four highly reflective (HR) mirrors at 532 nm. The closest mirror to the tube directs the laser vertically to a prism that reflects the beam back to the same mirror and then to a beam block. This creates two vertical laser beams intersecting with the jet and the co-flowing air. The intent behind using two laser beams as opposed to a laser sheet (as used in previous FRS or PDV studies) is to maintain the high power of the beams to maximize the scattered light intensity known to be proportional to the incident light intensity. The camera used for this research was a monochrome Phantom V12.1 manufactured by Vision Research. This high speed camera enables image capture at up to 1,000,000 Hz. For this research, data was captured at 400 Hz for the CO 2 jet allowing the capture of images at an adequate signal to noise ratio. The camera has a maximum resolution of 1280x800 and an exposure time down to 1 sec. In addition, this camera was also equipped with a Nikon 85mm lens with an f stop of 1.8. An important point is that the direction of the beam propagation and the camera view yields Rayleigh scattering spectra which are not affected by the streamwise velocity. Since the secondary velocities are small in comparison and all experiments are conducted at room temperature and atmospheric pressure, the Rayleigh scattering spectra and hence the measured intensity is primarily associated with concentration of gas species.
Before the scattered light was captured by the camera, it was filtered by the Iodine cell positioned in front of the camera. The filter consisted of a 3.5 inch glass tube filled with iodine and a protective aluminum cylindrical case. It is manufactured by Innovative Scientific Solutions Inc. (ISSI) of Dayton, OH. The filter temperature was monitored by a type K thermocouple. The temperature inside the filter was controlled by a Cole-Parmer Digi Sense control box. The Iodine filter is recognized for having many transitions throughout the visible portion of the spectrum which overlap with the laser at 532 nm. The goal was to ensure that most of the scattered light (broadened and shifted) fell outside the absorption well of the filter while ensuring near total absorbance of the incident signal itself, the background noise, and Mie scattering. Figure 3 illustrates the transmission curve of an iodine filter using the V12 laser. In addition, a 200 mm spherical lens was placed in front of the Iodine filter to increase the effective focal length of the camera allowing for a better focus and hence a better spatial resolution. A Bristol (Model 621) wavelength meter monitored the wavelength of the laser to ensure maximum absorbance of background noise by the filter. Further, a slotted board minimized the background noise before reaching the filter. In order to ensure the intersection of the laser beams with the jet at different locations downstream of the jet, the converging duct/jet tube unit (yellow box) was allowed to move both in the X direction (along the tube direction) and the Y direction (vertical) using respectfully a traverse and a scissor jack as shown in Figure 2 . The traverse was powered by an electrical motor while the scissor jack was adjusted manually. The Froude number and Reynolds number were varied through the use of three different tube diameters: 8.9 mm, 11.5 mm, and 17.1 mm.
III. Data Collection and Reduction
The data collection for the carbon dioxide (CO 2 ) jet measurements consisted of taking sets of 3000 images of the region of intersection between the jet and the two laser beams at 400 Hz and an exposure time of 2400 sec. The choice of 400 Hz was made after initial testing which included 100 Hz and 1 kHz. The signal-to-noise ratio and temporal resolution for the 400 Hz cases were thought to be the best compromise for this study. The incident light power was kept at 12 W during data collection. The camera was focused at the region of interest (intersection of the two beams with the horizontal jet). The images resolution was set at 1280x800 pixels for all data measurements covering an area of interest of 59.5x37.5 mm as shown in Figure 4 below. Some distortion can be seen on the edges of the frame in Figure 4 due to the use of the spherical lens. However, the level of distortion in the area where the laser beams are was very small and hence no correction was made during data processing. For the shown picture, the bright regions of Figure 4 correspond to an intensity of 130 counts while the dark regions correspond to about 35 counts. For the purpose of the data processing, only the areas of intersection of the laser beams with the jet were considered. Therefore, each frame was reduced to two matrices of dimensions 54x800 pixels. The width of 54 pixels corresponds to 2.5mm which was approximately the width of the scattered light from each laser line. The 16 bit videos of the scattered light were initially converted to "Multipage. TIFF" format and then to ".mat" using MATLAB. The raw intensity for any frame at any given imaging location was a summation of the intensity due to Rayleigh scattering I R , and the intensity of any captured background light I o . This latter term included reflections off test equipments such as the stainless tubes used for this experiment or any lights in the laboratory. The background intensity was corrected for and subtracted from the raw intensity. In addition, the electronic signal generated by the camera was subtracted off from the scattered light signal. The electronic signal was obtained by capturing images with the lens cap on.
The outcome of the initial post processing described above is the intensity I R which is the scattered light from both CO 2 and air molecules combined. In order to convert the intensity I R to concentration of CO 2 only (which is the interest of this work), the intensity I A of air only was removed from the signal. I A was obtained by capturing images of the scattered light of the ambient air only and subtraction of the electronic signal of the camera. The formula used in this work to convert the intensity I R to concentration is given by:
where f is a correction factor that takes into account the ratio in cross section between air and CO 2 molecules.
As mentioned in the literature review section, the intensity of the scattered light is proportional to the cross section of the molecule. Typically, the Rayleigh scattering signal of the CO 2 transmitted through the filter is about twice the signal associated with air molecules. The ratio of the CO 2 cross section to the N 2 cross section is about 2.23 while it is approximately 2.7 with respect to O 2 . 4 For this study; the correction factor f turns out to be about 2.45 to ensure 100% CO 2 concentration at the core of the jet. I A is set to 28 intensity counts which corresponds to the maximum value of air intensity. Utilizing the peak value allows for a more conservative calculation of the CO 2 concentration.
IV. Results and Discussion
Various cases were run to construct sufficient data to allow for the qualitative investigation of both the trajectory behavior and mixing properties of the CO 2 jet as a function of different parameters. These parameters include the velocity of air (the co-flow velocity), the CO 2 jet velocity, the relative velocity of the jet with respect to the co-flow, the velocity ratio, Reynolds number, and Froude number. These cases are illustrated in Table 1 . Significant changes occur to the flow structure and behavior when a co-flow of air is introduced as seen in Case 2, given in Figure 6 . First, the trajectory becomes flatter as noticed when comparing Figures 6a and 5a. The concentration of the CO 2 drops to less than 10% at X/D = 4.4 as opposed to 65% at the core of the jet in the Case of no co-flow. Furthermore, stronger regions of mixing (as seen in Figure 6b ) are developed even at closer locations away from the exit of the jet (X/D = 1.2). The mixing of the jet with the co-flowing air moves progressively from the top and bottom shear layers to the core of the jet. This entrainment results in the significant decrease of the CO 2 concentration as the jet travels downstream.
As part of the analysis of the jet behavior, trajectory plots were also generated. First strips of CO 2 concentration were created by averaging the concentration values of the concentration lines (such as the ones shown in Figure 5a and 6a). These lines were averaged along the X/D direction in a way to obtain a strip of concentration running across the entire vertical direction. The jet trajectory data points were generated by tracking the maximum value of CO 2 concentration along each strip located at every X/D location. Figure 8b ). Time histories of points 1, 2, and 3 are plotted together in Figure 9 . Points 1, 3, and 4 correspond to peaks in the fluctuations due to the top and bottom of the shear layer regions. Point 2 corresponds to a point of low standard deviation which is relatively away from the shear layer and close to the core of the jet where less mixing occurs (at that X/D location). Note that the intensity counts indicated in Figures 9 and 10 are much higher than those shown in Figures 5 and 6 . This is because nine pixels are binned together for each point location to minimize noise and obtain cleaner time history plots. As evident from these time histories, the fluctuations in the upper and lower shear layer are regular in time indicative of steady mixing between the core CO 2 intensity of about 450 and the air only intensity of 100 counts. However, at point 2 the fluctuations are very intermittent, yet at the same magnitude. This is expected since point 2 is in the core region of the jet. Pure CO 2 was present most of the time at this location. However, at times, air was clearly penetrating into the core. More likely, what was occurring was that the CO 2 jet was oscillating in space over this time period. This was evident in watching the FRS signal while the data was collected. This oscillation did not occur for Case 1 as seen in Figure 8 Figure 11 ), there exists a small time lag (less than 0.0025 seconds) between the time histories of the data taken from the two locations. The magnitude of the lag indicates a correlating velocity of 0.46 m/sec between the two points; while the high correlation between Point 3 and Point 4 was indicative of that the structure of the vortices was regular and coherent. Furthermore, the secondary peaks in the cross correlation (shown in Figure 11 Figure 12 , 13, and 14 show cross-correlation plots between a point on the first line (at 1.2 D away from the exit of the jet) and a point on the second line (at 2.4 D away from the exit of the jet) for cases 7, 2, and 8 respectively. Standard settings for the xcorr routine in MATLAB were applied, and as a result, the values on the vertical axis should not be compared from one plot to another, as they are affected by the standard deviation for each point. Nonetheless, the peak corresponding to a lag time for a given plot may be used to characterize events in the flow field. The ratio of the jet velocity to the co-flow velocity was maintained at 1 for all three cases. For cases 7, 2, and 8, the jet velocities are respectively 0.153 m/sec, 0.305 m/sec, and 0.610 m/sec. These cases enable correlation plots to deduce the mean convective velocities of flow features within the jet. Figures 12, 13 and 14 indicate the presence of a significant lag of 0.0475 sec, 0.02 sec, and 0.0125 sec respectively between points of the first line and points of the second line which is expected. As shown in Figure 12 , the chosen point on the second line is not on the same height as the point on the first line due to the drop of the jet trajectory. This vertical drop due to buoyancy increased the distance the jet traveled between the first and second point and hence added to the time lag. The corresponding convective velocities given the horizontal distances between the points of the first line and those of the second line are respectively 0.225 m/s, 0.536m/s, and 0.858 m/s. These values are higher than the actual jet velocities of cases 7, 2, and 8. This significant difference between the calculated and expected convective velocities can be due in part to the fact that the flow exiting the tube is unlikely to have a top hat profile but, rather, would have velocities higher than the nominal values in Table 1 in the core of the jet. On the other hand, as the jet velocity increased proportionally with the mass flow controller setting, the correlation peaks shifts to a smaller time lag, which is an expected trend. In other words, the shift in the time lag is inversely proportional to the increase in the jet velocity, demonstrating the value of the measurement technique.
Figure 15. Effects of Jet Velocity on the Jet's Trajectory
The second portion of the data analysis involves investigating the effects of the parameters discussed previously on the jet trajectory. In Figure 15 , the relative velocity was kept constant at 0.305 m/sec while the velocity of the jet was changed. The jet velocity for Case 9 was three times that of Case 1 and one and a half that of Case 6 which corresponded to a Froude increase from 1.73 to 3.45 to 5.18. Readily apparent was that the trajectory was straighter for the higher Froude number jet (i.e. higher velocity). This highlights the importance of the jet velocity in shaping the trajectory. This also suggests that the relative velocity between the jet and core flow is not the proper scaling velocity for buoyant flows.
Figure 16. Effects of Froude Number on the Jet's Trajectory
A set of runs were performed maintaining the Froude number constant. To accomplish this, three different combinations of jet diameter were used. Cases 8, 10 and 11 shown in Figure 16 , corresponded respectively to Reynolds number values of 678, 992, and 1800. It might be expected that Case 11, with a Reynolds number of 1800, would have a relatively higher trajectory than the other two cases. However, all these cases corresponded to a Froude number of 3.45 based on jet velocity and diameter. As indicated in Figure 16 , all three of these cases maintained a tight distribution suggesting that the Froude number has a substantial impact on the trajectory. One note is that these three cases all maintained a constant co-flow velocity of 0.610 m/s. To look specifically at the effect of the co-flow, Case 5, which corresponds to Case 8 without the co-flow, was also plotted. The curvature of the trajectory was more pronounced in Case 5. This reemphasized that the presence of the co-flow impacts the overall structure of the jet, including the turbulence, as well as altering the buoyancy. However, it does not appear that once the turbulence is increased, that any further increases in the co-flow velocity has any further effect. . This resulted in a substantial change in the velocity ratio and the relative velocity between the jet and the co-flow. As shown in Figure 17 , Cases 6 and 8 trajectories were similar. This indicates that the relative velocity parameter had a minimal effect on the jet trajectory. It also emphasizes that the significant change occurred by adding the co-flow which seems to have the effect of increasing the turbulence and thus the spreading rate of the jet. Once this turbulence is activated, further increases in the coflow velocity is not significant.
To understand the impact of velocity ratio, Cases 6, 12, and 13 were compared. Each of these cases maintained velocity ratio between the jet and the co-flow of 2.0. Both the jet velocity and the co-flow were increased between these cases. This resulted in an increase in the relative velocity and Froude number. For the highest value of Froude number (Case 13), the trajectory of the jet is almost linear as shown in Figure 18a . The velocity ratio between the two flows was clearly not the normalizing factor as changing the relative velocity altered the impact of the buoyancy. For these conditions, the relative velocity was increased by a factor of 2 (from Case 6 to Case 12) and by a factor of 3 (from Case 6 to Case 13). To remove influence of the relative velocity, four other cases were interrogated. These cases maintained the velocity ratio at 1.0 while also maintaining the relative velocity constant at 0. Figure 18b reveals still a significant variation in the trajectory of these jets indicative that the buoyancy still has a dominant effect. This effect is not attributed to either the velocity ratio or the relative velocity between the jet and co-flow. What did change significantly for these cases was the Froude number which took on the values of 0.75 (Case 7), 1.73 (Case 2), 3.45 (Case 8), and 7 (Case 14). Clearly for these cases, the higher the Froude numbers (and hence the jet trajectory) the straighter the trajectory of jet was. This clearly indicates that the jet velocity itself has stronger impact on the buoyancy than the co-flow velocity. 
V. Summary and Conclusions
The goal of this work was to understand the impact of buoyancy on a jet in the presence of a co-flow. Filtered Rayleigh Scattering (FRS) was used to illustrate the jet trajectory and mixing properties of a buoyant jet (CO 2 ). The concentration data acquired with FRS is unique in that a continuous wave laser was used in combination with a high speed camera to produce data at 400 Hz. This enables spatio-temporal data collection along a linear expanse at a single streamwise position. By passing the laser beam through the jet twice, spatio-temporal plots at two different a b streamwise positions are also enabled. These time-resolved measurements of concentration along a line were used to investigate the interactions of the jet with a co-flow of air. The concentration of the jet was measured at several locations up to 4.4 D away from the exit of the jet. Cases with a co-flow of air and without the co-flow were run to examine the effects on the trajectory curve and the mixing of the jet. Processed data of Rayleigh scattering signal for cases with or without co-flow indicated that the jet in general curves down as it travels away from the exit of the jet. Processed data of Rayleigh scattering signal for cases with or without co-flow indicated that the jet in general curves down as it travels away from the exit of the jet. The shape of the curvature is due to the negative buoyancy effects resulting from the existing density gradient between air and CO 2 . Furthermore, the results showed that the addition of the co-flow significantly altered the mixing of the jet with the ambient air. For instance, in the presence of co-flow, the concentration of the CO 2 dropped to less than 10 % at X/D = 4.4 while it only decreased to 65 % when there was no co-flow for the same jet velocity. Standard deviation plots of the scattered light intensity were generated indicating the occurrence of high mixing at earlier stage for cases with co-flow. As the jet traveled downstream the level of fluctuations in the core of the jet increased resulting in higher mixing rate. Furthermore, cross correlation of points along the Rayleigh scattering lines separated by a 1.2 D horizontal distance allowed the calculation of convective velocity values. Doubling the jet velocity resulted in the decrease of the lag by approximately 50 %. In addition, a Strouhal number of 0.173 is calculated for Case 2 based on the cross correlation plot of two points located at the same X/D location and offset by 0.13 D.
The shape of the trajectory was investigated through the variation of the jet velocity, the jet to co-flow velocity ratio, the relative velocity, the Froude number, and the Reynolds number. The Froude number definition used for comparison was based on the jet velocity only and did not take into account the co-flow velocity. The trajectory plots were generated by tracking the maximum value of CO 2 concentration along a strip of the Rayleigh scattering line at multiple X/D locations. The trajectory analysis demonstrated that the presence of the co-flow velocity has an initial impact on the resultant jet location and spread causing a more horizontal jet to convect downstream. The velocity of the jet then has the strongest effect of all other considered parameters in shaping the trajectory of the jet. This ramification is evident in the Froude number and the Reynolds number. Cases where these parameters were held constant resulted in consistent trajectories and thus impacts of buoyancy. Maintaining other parameters of interest constant such as the velocity ratio or the relative velocity between the jet and co-flow did not collapse the data. This confirms that the traditional definition of Froude number based on the jet velocity is the correct parameter to normalize the data; however a correction is needed to account for the presence of a co-flow.
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